An anti-D3-brane plays a crucial role in the construction of semi-realistic cosmological models in string theory. Part of its action provides an uplift term that has been used to lift AdS solutions to phenomenologically viable dS vacua in the KKLT and LVS setups. In the last few years it has been shown that this uplift breaks supersymmetry spontaneously and can be described in the 4d N = 1 supergravity language by using constrained supermultiplets. Here we derive the complete 4d N = 1 supergravity action for an anti-D3-brane coupled to all closed string background fields. In particular we include the vector field, the scalar fields and all fermions that live on the anti-D3-brane. arXiv:1906.07727v1 [hep-th] 
Introduction
The KKLT scenario [1] provides the first construction of dS vacua in string theory. The very existence of such solutions in quantum gravity has recently been questioned, see [2] [3] [4] for review articles and references. However, there is so far no generally agreed on flaw in the KKLT scenario and some past criticisms have already been refuted. Given this status, it is important to improve our understanding of the KKLT setup further. One such line of research has focused on the description of the anti-D3-brane that provides the uplift from a supersymmetric AdS vacuum to a dS vacuum. In particular, it has become apparent in the last few years that one can describe the anti-D3-brane in terms of a 4d N = 1 supergravity action. In this paper, we continue this endeavor by deriving the complete 4d N = 1 supergravity effective action for the KKLT scenario, including the anti-D3-brane and all its world volume fields.
Our supersymmetric low energy effective action shows that supersymmetry in the KKLT setup is spontaneously broken. While this might have been expected because the anti-D3branes used as uplift in the KKLT scenario are an excited state in a supersymmetric theory [5] , it was not until 2014 that it was understood how to write down a supergravity action that reproduces the anti-D3-brane uplift term [6] . The connection of this uplift term to the anti-D3-brane in the KKLT setup was then clarified in [7] [8] [9] [10] . These developments have broadened into a variety of different research directions and led to many interesting related results, see for example [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
However, so far nobody has succeeded in writing down the full four-dimensional low energy effective supergravity action that includes all anti-D3-brane world volume fields in the KKLT background. This action consists of a bosonic part, containing the three complex world volume scalars and the U(1) gauge field, and of a fermionic part containing the four 4d fermions. For flux compactifications this fermionic world volume action is currently only known to quadratic order in the fermions [25] [26] [27] [28] [29] [30] .
While the bosonic action seems at first to be the easier part, it is actually the fermionic action that has been mostly studied during the last few years [7-10, 13, 20] . In particular, it has been shown that one can do an orientifold projection that removes all the bosonic degrees of freedom from the anti-D3-brane. The fermions together with the bosonic uplift term can then be combined into a Volkov-Akulov type action [31] and be described in the 4d N = 1 supergravity action via constrained chiral multiplets. Recently, the complete action for the GKP background fields and the four anti-D3-brane world volume fermions has been derived in [20] . Here we extend this work by studying the full KKLT background and by including also the world volume scalar fields and the U(1) gauge vector. Thus, we derive the complete low energy effective supergravity action for an anti-D3-brane in the KKLT background.
The organization of the paper is as follows. In section 2 we review the action for an anti-D3-brane in the GKP and KKLT background. In section 3 we discuss the constrained multiplets in 4d N = 1 supergravity that we need to describe the anti-D3-brane. In section 4 we derive the four dimensional N = 1 supergravity action for an anti-D3-brane in the KKLT background. We summarize our findings in section 5 and we draw the conclusions in section 6. Two appendices provide technical details.
2 The anti-D3-brane action in the GKP and KKLT background
In this section we will review and (re-)derive the action for an anti-D3-brane in the GKP [32] and KKLT [1] backgrounds. While many aspects of this action have been studied before, we will include here all world volume fields of the anti-D3-brane and their couplings to the background moduli fields, which are the axio-dilaton τ = C 0 +ie −φ , the single Kähler modulus T and the complex structure moduli U A . The Dp-brane action in flux backgrounds is only understood up to quadratic order in the fermions [25] [26] [27] [28] [29] [30] . The known pieces of the action therefore include a bosonic part and a fermionic part that is quadratic in the worldvolume fermions. 1 We will discuss these separately in the following two subsections.
The bosonic action
The bosonic anti-D3-brane action is the sum of the DBI-action and the Chern-Simons action and is given in 4d Einstein frame by S D3 bos = S DBI + S CS , (2.1)
2)
S CS = − P (C 0 + C 2 + C 4 ) ∧ e B 2 ∧ e F .(2.
3)
Here we have set l s = 2π √ α = 1, while B 2 denotes the NSNS Kalb-Ramond field, F µν the field strength of the U(1) gauge field living on the brane and P is the pullback to the brane world volume. To simplify the presentation, we have rescaled the U(1) field strength by 2π with respect to the textbook by Polchsinki [33] , i.e. F Polchinski µν = 2πF us µν . We have also rescaled the action by 1/2π to remove the brane tension T 3 = (2π) −3 (α ) −2 = 2π.
In a GKP background [32] the metric is warped and the presence of warping makes the identification of the Kähler modulus, Im(T ) in our case, rather cumbersome [34] . For a single Kähler modulus there is a fixed overall scaling with respect to the volume for all the terms in the action. We can identify this scaling by working with the following metric in Einstein frame [35] ds 2 = e −6u(x) 1 + e −4A(z) e 4u(x) − 1 2 g µν dx µ dx ν + e 2u(x) 1 + e −4A(z) e 4u(x) 1 6 g ab dz a dzb , (2.4) where the external indices are labeled by µ, ν = 0, 1, 2, 3, the internal indices by a,b = 1, 2, 3 and e 6u = vol 6 is the volume of the internal manifold, whose dependence on Im(T ) is going to be specified below. 2 This metric interpolates between the unwarped bulk region and the warped throat. We will be interested in the strong warping regime, namely e −4A e 4u , where the metric reduces to ds 2 = e 2A(z)−4u(x) g µν dx µ dx ν + e 4 3 u(x)− 2 3 A(z) g ab dz a dzb.
(2.5)
We can now proceed and start evaluating the DBI action. Following [36] , this becomes 3 where the dots denote higher order terms. These are corrections, which are small with respect to the couplings we wrote down explicitly. The warp factor, the internal metric and the dilaton are functions of the world volume scalars H a , that indicate the position of the brane and that enter the action via the pullback P. We will assume the brane to sit at some position in the strongly warped region, but we will not need to specify it further. For the rest of our discussion we will be considering small fluctuations around such a position and we indicate them with the same letter H a for convenience. The kinetic term for the scalar fields arises entirely from the DBI part of the action and is therefore the same for D3-branes and anti-D3-branes. The rewriting of this term in 4d N = 1 supergravity was first discussed in [37] . There it was argued that such a kinetic term stems from a Kähler potential of the type structure and enters the expression of the overall volume, which indeed depends on the open and closed string moduli via vol 6 = e 6u = −i(T −T ) + k(H,H) 3 2 .
(2.8)
The DBI action gives also rise to a scalar potential and a standard Maxwell term for the U(1) gauge field, with coupling constant determined by Im(τ ) = e −φ evaluated at the position of the brane. We will discuss both of these terms further when we combine them with the CS-action.
We now look at the CS-action for the anti-D3-brane. In the GKP background it reduces to
where in the second line we expanded around the position of the brane, H a = 0, and omitted higher order terms. We are using that Re(τ ) = C 0 (0, 0) and
where g 4 is the determinant of the unwarped four-dimensional metric. Recall that C 2 and B 2 with indices along the non-compact spacetime directions are projected out by the orientifold projection.
A D3-brane in the background we are considering preserves linear N = 1 supersymmetry in 4d. The U(1) gauge field on its world volume has a gauge kinetic function given by f (τ ) = −i τ . This function is and has to be holomorphic and depends only on the axiodilaton modulus τ . The real part, Re(f (τ )) = Im(τ ) = e −φ , controls the coupling in the Maxwell term and the imaginary part, Im(f (τ )) = −Re(τ ) = −C 0 , controls the theta term. This leads to an immediate problem in the case of the anti-D3-brane. With respect to the D3-brane the anti-D3-brane has a sign difference in the CS-action and thus, in order to get the correct sign for the theta term in formula (2.9), it seems that we would have to make the gauge kinetic function anti-holomorphic, f (τ ) = iτ . This however would not be compatible with supersymmetry, since the closed string field τ is part of an unconstrained chiral multiplet. We will show how to resolve this puzzle and maintain a holomorphic gauge kinetic function in section 4. The crucial point will be that, in the background we are considering, an anti-D3-brane preserves non-linear N = 1 supersymmetry in 4d.
We can now put together the two pieces and obtain the bosonic action of the anti-D3brane. The second term in the CS-action (2.9) combines with the first term in the DBIaction (2.6) into what is usually denoted by
the plus being for the anti-D3-brane and the minus for the D3-brane. The equations of motion in the GKP solution enforce Φ − = 0, so that the potential for a D3-brane, V D3 = Φ − , vanishes because the DBI-part and the CS-part exactly cancel. For an anti-D3-brane the contributions simply add up and we have
where we can identify the scalar potential
Since the warp factor is minimized at the bottom of the warped throat, this is likewise the point where also the anti-D3-brane potential is minimized and where the brane is dynamically attracted to. We can then expand the scalar potential around this point to obtain
where A 0 ≡ A| H=0 , u 0 ≡ u| H=0 and the dots stand for higher order terms, which are actually suppressed by the string scale (following the same logic as in section 3.1 of [36] ). The first contribution in the expansion is the uplift term for an anti-D3-brane which, in a highly warped region, scales like 1/(vol 6 ) 4 3 [39] . 4 In section 4 we will show how to reproduce the above scalar potential using a modified version of the Kähler potential given in (2.7).
In the GKP solution the volume direction is a flat direction. The non-vanishing scalar potential for the anti-D3-brane in (2.12) , that is proportional to 1/(vol 6 ) 4 3 , would then lead to a runaway for the Kähler modulus. In order to avoid this, the KKLT scenario [1] includes a non-perturbative correction that can either arise from Euclidean D3-branes or from a gaugino condensate on a stack of D7-branes. The effect of this non-perturbative contribution on the background as well as the anti-D3-brane uplift has recently received considerable attention [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . At the heart of this discussion is the question of whether the gaugino condensation on a stack of D7-branes can be described in ten dimensions and, if that is the case, what the detailed backreaction of the gaugino condensate on the anti-D3-brane is. When the gaugino condensation or Euclidean D3-brane are taken into account, the KKLT background will have an extra term in the superpotential of the form
where A is a function that generically depends on the anti-D3-brane fields. Since the gaugino condensation or Euclidean D3-brane arise from the Calabi-Yau bulk region, while we are studying an anti-D3-brane sitting at the bottom of a highly warped throat, these additional terms are expected to be highly suppressed compared to the tree-level potential in equation (2.12) . After a lively debate in the recent literature [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , there seems to be some consensus that this is indeed the case. For this reason we will neglect these corrections here, which is in some sense generic. 5 However, many throats, like for example the Klebanov-Strassler geometry [52] , have isometries so that the scalar potential in equation (2.12) can have flat directions that would be lifted by higher order corrections. Such higher order corrections could arise in particular setups from the superpotential in equation (2.14) . Such light moduli arising from the anti-D3-brane were first studied in [53] and it would be interesting to study this in more detail for concrete setups using for example the tools developed in [54] .
The fermionic action
The fermionic part of the action plays a crucial role in understanding the low energy effective description of the anti-D3-brane in the GKP or KKLT background. The reason for this is that the anti-D3-brane breaks supersymmetry spontaneously and one (combination) of the world volume fermions has to be the Goldstino. As we will explain in the next section, this Goldstino can be described in terms of a nilpotent chiral multiplet that couples to the standard four-dimensional N = 1 supergravity theory one obtains from the closed string sector. How the anti-D3-brane provides the Goldstino is not straightforward and requires some explanation. We will therefore comment on this before actually presenting the action. The fermionic action for a Dp-brane in a flux background is only known to quadratic order in the fermions [25] [26] [27] [28] [29] [30] and the anti-D3-brane has been studied in this context in [7, 8, 20, 36] . In particular, the four world volume fermions on the anti-D3-brane can be divided into λ, which is a singlet under the SU(3) holonomy group of the internal manifold, and χ i , with i = 1, 2, 3, which transform as a triplet. The masses and some of the couplings of these fermions are controlled by the imaginary self dual (ISD) part [8, 36] , where in our conventions F 3 = dC 2 − C 0 H 3 . In particular, the mass of the singlet arises from flux of (0,3) type, the interaction between λ and the χ i is proportional to non-primitive (1, 2) flux and the masses of the χ i are determined by primitive (2,1) flux. In a supersymmetric GKP background, λ is the Goldstino and correspondingly it does not mix with the χ i and it has no mass term. This is consistent 5 For a supersymmetric D3-brane the tree-level scalar potential vanishes and these terms provide a very interesting, small potential that was first studied in [38] .
with the fact that the anti-D3-brane is the only source of supersymmetry breaking in this context [8] .
In a non-supersymmetric GKP background we have a non-vanishing Gukov-Vafa-Witten superpotential [55] 
where Ω is the (3,0) form of the Calabi-Yau, and therefore we get a non-vanishing F-term for the Kähler modulus
As a consequence, in a non-supersymmetric GKP background with (2.16), the G 3 flux must contain a non-vanishing (0,3) piece and the background itself breaks supersymmetry spontaneously. In such a situation, the Goldstino is a closed string fermion. If we add an anti-D3-brane to this background, then also the singlet λ will have a mass and cannot (and does not have to) be the Goldstino. Indeed, since the anti-D3-brane as well as the background (0,3) G 3 flux break both supersymmetry spontaneously, the Goldstino is expected to be a linear combination of λ and of the closed string fermion which was the Goldstino before the addition of the anti-D3-brane. The actual KKLT background of interest has, besides a non-vanishing W GV W , a nonperturbative superpotential term given in (2.14) . In this case one can find a supersymmetric solution
. This solution is a supersymmetric AdS vacuum that is uplifted by the anti-D3-brane to the KKLT dS vacuum. At this point, however, one might have noticed the following issue: The anti-D3-brane is actually the sole source of supersymmetry breaking and therefore it needs to provide the massless Goldstino. On the other hand, the background has (2,1) as well as (0,3) G 3 flux, which seem to give a mass to χ i and to λ as well [8] . In other words, all fermions appear to be massive and it is not clear whether a massless Goldstino is present. The resolution of this apparent puzzle is due to the behavior of the (0,3) G 3 flux in the presence of a gaugino condensate on a stack of D7-branes. In particular, it was shown in [56, 57] that the (0,3) G 3 flux localizes on top of the D7-branes that are located in the bulk of the warped Calabi-Yau manifold. Therefore, the pull-back of this (0,3) G 3 flux onto the anti-D3-brane world volume vanishes, since the anti-D3-branes sits at the bottom of a warped throat. Thus, λ does not get a mass and is the Goldstino provided by the anti-D3-brane, which is the sole source of supersymmetry breaking. 6 Having clarified how the anti-D3-brane action in the KKLT background provides the massless Goldstino plus three more massive fermions, we now work out the couplings of these fermions to the closed string moduli τ , T and U A . The fermionic anti-D3-brane action was studied for example in [8, 20, 25, 36] . The part of the action that is quadratic in worldsheet fermions is given in Einstein frame by [8, 29, 58] 
where θ is a 16-components Majorana-Weyl spinor of type IIB theory, the indices m, n, . . . = 4, 5, . . . , 9 are internal, Γ ... has curved but unwarped indices andΓ ... has flat indices. Following [8, 25] , we can decompose the spinor θ into four-dimensional Weyl spinors. In the notation of [59] , we have an SU(3) singlet P L λ and a triplet P L χ i . The reduction of the last line and the kinetic term of (2.19) was performed in detail in [8] . If the brane action is evaluated on a fixed background the remaining terms vanish. On the contrary, they should be taken into account when the background fields are dynamical, as it is the case in our setup. To the best of our knowledge, these terms are worked out here for the first time.
We start by considering the contribution arising from the spin connection. In particular, we haveθ
where the flat indices take valuesã,b = 0, 1, 2, 3 and i,ī = 1, 2, 3. Since the spin connection with mixed indices vanishes, ωã i µ = ωãī µ = 0, we have already omitted the corresponding terms. The first two terms in the equation above construct the 4d covariant derivative, while the last term gives rise to a coupling between the fermions and the complex structure moduli, which can be calculated as follows. In our setup the metric is block diagonal with a 4d and 6d part and therefore the vielbein is likewise block diagonal. The six dimensional internal vielbein part satisfies then e a i g ab eb ı = δ iī , so that e a i is a function of the Kähler modulus T and of the complex structure moduli U A . Since the holomorphic (3,0)-form Ω abc = ijk e i a e j b e k c only depends on the U A and not on theŪ A , we can conclude that e i a and its inverse e a i depend partner of the T modulus. 7 This can be obtained from the string frame result in [8, 58] with: g S µν = e φ 2 +2A−4u gµν and θ S = e φ 8 −u+ A 2 θ. We follow the conventions of [8] , which uses the action given in equations (4.4) to (4.6) of [58] . We re-derived the coupling to F1 starting from equations (A.5) and (A.7) in [58] and find the opposite sign for the corresponding term. Our expression agrees with the generic four dimensional supergravity action as we check below. only on T ,T and the U A but not onŪ A . Namely, we have
Having a single volume modulus, the metric and the vielbein have a simple overall volume dependence, i.e. they depend to leading order in large volume on (T −T ) to some power, so that ∂ T e a i = −∂T e a i ∝ e a i . This means that the relevant spin connection reduces to
We will now use the fact that we have only a single Kähler modulus and correspondingly only a single (1,1)-form to simplify the above expression substantially. In particular, from the spin connection we can define a 2-form that has to be proportional to the Kähler form J, or in flat indices to δ iī , if it is in cohomology 8
We can then write (2.24) and the first new fermionic contribution to the 4d anti-D3-brane action is
The second new term involves a coupling to the derivative F µ = ∂ µ C 0 = ∂ µ Reτ . Its calculation is simpler with respect to the previous case and it gives directly
The last contribution in (2.19) that we have to calculate is a derivative coupling to the C 4 axion. To this purpose, we recall that for a Calabi-Yau manifold with a single Kähler modulus T , there is only a single (2, 2)-form that we denote by Y 2,2 and that is normalized such that it integrates to one on the single 4-cylcle Σ 4 . In particular, the Kähler modulus is constructed out of the 4-forms C 4 and J ∧ J and it has to be holomorphic, since it is described by a chiral multiplet in four dimensions. We can therefore decompose it on the basis given by Y 2,2 and find
From the above we can identify directly
where u,ū are curved and warped indices, while recalling that the matrix Γ µnpqr appearing in (2.19) has real curved but unwarped indices, we can calculate finally the desired term
Actually, this is only one of the two contributions containing C 4 and appearing in (2.19) . However, due to the self-duality of dC 4 in ten dimensions, one finds that the four-dimensional
, so that the two corresponding terms in the 3-brane action are equal, namely
and therefore the two terms in (2.19) add up. Up to total derivatives and written in terms of four-dimensional spinors the action (2.19) becomes then
The masses depend on the G ISD 3 flux as
(2.33)
As we discussed at the beginning of this subsection, in a GKP background or in the KKLT setup with gaugino condensation on a stack of D7-branes in the bulk that is away from the anti-D3-brane, the pullback of the (0,3) part of the G 3 flux onto the anti-D3-brane world volume vanishes. In addition, in the same background the (2,1) part of G ISD namely G ISD abc J bc = 0, where J ab is the Kähler form on the Calabi-Yau. As a consequence of these two facts we have that m = 0 = m i (2.34) and then the singlet fermion λ remains massless, while the χ i generically have non-vanishing mass terms. λ will be therefore the Goldstino associated to the broken supersymmetry. It is arising from the brane, as is expected for an anti-D3-brane added to a supersymmetric background.
The complete anti-D3-brane action in the KKLT background is finally
(2.35)
The supersymmetric D3-brane action
The above action is the leading order component action for an anti-D3-brane in the KKLT or GKP background and we will show how to rewrite it in terms of N = 1 supergravity in section 4. However, before doing so, it is instructive to perform a simple check on our result and compare it to the known couplings in the D3-brane action. We devote therefore the present subsection to this purpose.
Recall that the D3-brane differs from the anti-D3-brane action by a sign flip of the RRfields. In the supersymmetric D3-brane case one also has to take into account that the first 'uplift term' in the bosonic action and the fermionic mass terms vanish. What remains is then a standard N = 1 supergravity action for a single vector multiplet, containing λ and A µ , and three chiral multiplets, containing H a and χ a ≡ e a i χ i . Explicitly, it is given by
It is interesting to study the derivative couplings involving (derivatives of) the closed string axions and the open string fermions on the supersymmetric D3-brane, since this will provide useful information about the form of the Kähler potential even for the anti-D3-brane. Let us begin with the coupling to ∂ µ τ . The fermions χ i come in chiral multiplets and carry no U(1) charge, but via their Kähler covariant derivative they couple to all scalars. In particular, they couple to τ via terms (see for example chapter 18 in [59] )
We find that the Kähler potential K (τ ) = − log [−i(τ −τ )] leads precisely to the coupling involving ∂ µ Re(τ )/Im(τ ) that is given in (2.36), via the two terms in square brackets above.
In particular, the prefactor of this term relative to the kinetic term also agrees with the generic supergravity result. This means that the mixed Christoffel symbols Γ i jτ have to vanish, which is indeed the case for appropriately chosen Kähler potentials, like the one given in equation (2.7) that couples the scalars in the chiral multiplets only to T and not to τ .
The couplings of τ and λ can be likewise read off from the general supergravity action. Recall that the gauge kinetic function for a D3-brane is f (τ ) = −iτ . The kinetic term for the gaugino is normalized so that its prefactor is Re(f ) = Im(τ ) = e −φ , so we have to rescale λ = e − φ 2 λ , but this does not lead to new derivative terms sinceλγ µ λ = 0 for Majorana spinors in four dimensions. The standard supergravity action for λ contains then terms of the form
These combine correctly to give the coupling of λ to ∂ µ Re(τ )/Im(τ ) that is given in (2.36) .
We now proceed and look at the coupling to ∂ µ Re(T ) performing a similar analysis. For the χ i that are in chiral multiplets these couplings arise again from the standard supergravity terms
This time, however, the Christoffel symbols are not vanishing. Indeed, we find for the Kähler potential in equation (2.7) that Γ i jT ≈ i 2Im(T ) in the large volume limit, where we neglect terms involving k(H,H) compared to Im(T ). These Christoffel symbols combine then with the terms involving partial derivatives of the Kähler potential K to give again the terms in the component action (2.36) with the correct coefficient.
Since for the gauginos λ there is no contribution involving the Christoffel symbols, the standard supergravity action has terms, written using λ = e φ 2 λ, that are simply
They match again with the component action (2.36) and the very absence of the Christoffel terms for λ compared to χ i explains the different prefactor for the corresponding terms.
Lastly and most interestingly, we look at the terms involving the complex structure moduli U A . The two terms in the spin connection in equation (2.22) are independent, since one is proportional to ∂ µ U A and the other to ∂ µŪ A . Following a reasoning similar to that of the previous subsection, this means these terms have to be both proportional to δ iī . Therefore, using that ∂ µ (e i u e uī ) = 0, we can rewrite
where u, v, · · · = 1, 2, 3 are curved warped indices. This expression can be rephrased in terms of the holomorphic (3,0)-form Ω on the Calabi-Yau manifold by using that
On the other hand, we can expand Ω on a cohomology basis, namely Ω = Z K α K − F K β K , where Z K and F K are functions of the U A , while the α K and β K are a basis for the 3-forms with the only non-vanishing integrals α K ∧ β L = δ L K . In particular, it follows from equation
We introduce now the Kähler potential for the complex structure moduli
and we can use this to find eventually
With this result at our disposal, we can again match the component action for the D3-brane with the standard supergravity expression. It is essential to notice that in the component action (2.36) the couplings of λ and χ i to ∂ µ Re(T ) and to ∂ µ Re(U A ) (via the spin connection term), have the same numerical coefficient. As a consequence, the complex structure sector and the Kähler sector have to couple to the chiral multiplets on the D3-brane in the same way. This observation leads us to propose the Kähler potential
which produces indeed the couplings to ∂ µ Im(τ ) and ∂ µ Im(T ) as discussed above. In addition, it gives the correct coupling to χ i via the standard supergravity terms
if we drop again terms involving k(H,H) and its derivatives, while the couplings to λ can be obtained from
To conclude, notice that the maybe naively expected Kähler potential 
This concludes our analysis of the (anti-)D3-brane action from the string theory perspective. In section 4 we will show how to obtain the anti-D3-brane action in equation (2.35) from N = 1 supergravity in four dimensions. For this purpose, non-linear (local) supersymmetry will be employed in the language of constrained multiplets. We review the necessary ingredients in the following section.
Constrained multiplets in supergravity
In this section we review some ingredients of non-linear realizations and constrained multiplets in supergravity. We focus on a particular set of constraints that we are going to employ in order to describe the anti-D3-brane action [14, 15] . It is important to keep in mind, however, that the choice of the required constraints in general is not unique, but different possibilities can occur. See for example [16, 20] for a discussion about this fact.
We use the conventions of [59] , where 4d fermions are described by four-component Majorana spinors. In the appendix A.1, the relevant formulae are given also in the flat superspace language, following the conventions of [60] .
The Goldstino in a flat background
When supersymmetry is spontaneously broken a Goldstino is present in the spectrum and transforms non-homogeneously under supersymmetry transformations. A minimal action describing the Goldstino was proposed by Volkov and Akulov [31] and it is of the type
where λ is the spin-1/2 Goldstino and M is a parameter of mass dimension one, related to the supersymmetry breaking scale. This action is invariant under the non-linear transformation
which closes onto the N = 1 supersymmetry algebra. We now discuss briefly how to reformulate the Volkov-Akulov model in a language in which supersymmetry becomes manifest. When dealing with supersymmetric theories, it is convenient to embed fields into multiplets or superfields. A simple choice consists in identifying the Goldstino with the fermion P L Ω of a chiral multiplet 9
This multiplet, however, contains also a scalar X which is not present in the Volkov-Akulov model (3.1). It is possible to eliminate this scalar in a supersymmetric way by imposing an additional constraint on the multiplet. If we require X to be nilpotent [61] [62] [63] , then the scalar in the lowest component becomes a function of the Goldstino and of the auxiliary field F :
An invariant action for this nilpotent chiral multiplet is given by
Notice that the equations of motion of the auxiliary fields are modified with respect to the case in which supersymmetry is linearly realized, since the sGoldstino is replaced by a composite expression containing F . This is a general feature of models with non-linearly realized supersymmetry and therefore attention has to be paid when going on-shell. The equation of motion for the auxiliary field gives indeed 6) and the on-shell action is
By means of a field redefinition between λ and P L Ω, one can prove that this action is equivalent to the Volkov-Akulov model [64] .
Coupling the Goldstino to gravity
Superconformal methods are very convenient when constructing supergravity actions. The strategy on which they rely consists in taking advantage of the full superconformal symmetry to fix all the allowed interactions. This symmetry is then partially broken in order to obtain Poincaré supergravity. With such a procedure it is possible to avoid field redefinitions, that might be needed to go to the Einstein frame when using other methods. Hence, in the present work we adopt the superconformal approach to supergravity, following the conventions of [59] .
The superconformal action we are going to consider is of the type
where {X I }, I = 0, . . . , n, is a set of chiral multiplets with X 0 the compensator, Λ A , A = 1, . . . n v , is a set of vector multiplets, K is the Kähler potential, W the superpotential and f AB the gauge kinetic function. The compensator has Weyl weight 1, while the other chiral multiplets have Weyl weight 0. In order to obtain Poincaré supergravity one has to fix
, which introduces the Planck scale into the theory. A minimal model in which the Goldstino is coupled to gravity is given by
where X is the nilpotent Goldstino multiplet introduced before. In the case in which there are no vector multiplets, the action (3.8) reduces to
This is the generalization of (3.5) to local supersymmetry and it has been studied in [65] [66] [67] [68] [69] . The model is sometimes called (pure) de Sitter supergravity because the only propagating modes are the graviton and the gravitino, the Goldstino being a pure gauge degree of freedom. In addition, for certain values of the parameters in the scalar potential, the cosmological constant is positive. We stress again that, when calculating the component form of (3.10), it is important to substitute X =Ω P L Ω 2F before going on-shell, since this will contribute to the equations of motion of the auxiliary fields.
Other constrained multiplets
A general procedure to constrain supersymmetric multiplets and remove any desired component has been given in [70] . In the following, besides the nilpotent Goldstino multiplet X, we are going to use other types of constrained multiplets, which we briefly review here. Notice that it is possible to implement them dynamically at the Lagrangian level, by means of a Lagrange multiplier [71] . In this way supersymmetry remains linear off-shell.
Constrained chiral multiplets Y i
Given a set of chiral multiplets Y i = {Y i , P L Ω i , F i }, by imposing the constraints [72, 73] 
the scalar fields in the lowest components of X and Y i are removed and expressed as
These multiplets contain therefore only fermions as propagating degrees of freedom. They have been used in [14, 15] to describe the world volume spinors of an anti-D3-brane.
Constrained chiral multiplets H a
Given another set of chiral multiplets H a = {H a , P L Ω a , F a }, by imposing the constraints [63]
the fermion and the auxiliary field in H a are removed and expressed as
The chiral multiplets H a contain therefore only a complex scalar as independent component field. Notice that, due to this fact, a superpotential of the type W = W (H) does not lead to mass terms for the scalars H a , but to fermionic terms containing Goldstino interactions.
Constrained chiral field strength multiplet P L Λ α
The field strength chiral multiplet that has the gaugino as lowest component is
and where we have explicitly written the spinorial indices to avoid confusion. C αβ satisfying C T = −C is the matrix used to raise and lower fermionic indices,
is the covariant vector field strength and D the real auxiliary field. This multiplet is the analogous of the superfield strength W α = − 1 4D 2 D α V defined in superspace, that indeed is chiral and has the gaugino in the lowest component.
The gaugino can be eliminated by imposing the constraint
which gives
and (ΩP L χ) α = Ω β (P L ) β γ χ γα . The constrained multiplet P L Λ α describes therefore only an abelian gauge vector as independent propagating degrees of freedom. The superspace constraint corresponding to (3.19) is XW α = 0.
Constructing a supergravity action for the anti-D3-brane
In this section we recast the anti-D3-brane action (2.35) in the language of N = 1 supergravity in four dimensions. The rewriting of the fermionic action coupled to the closed string moduli was done already in [20] (see for example their equations (3.51) and (3.52)). 10 Here, we extend this result by considering also the bosonic part, together with the terms that mix world volume bosons and fermions, and the sector containing the U(1) gauge vector. The logic consists in embedding each of the world volume fields into one of the constrained multiplets presented in section 3. In this way we will be able to use the standard language of supergravity, namely to write down a Kähler potential, a superpotential and a gauge kinetic function, but at the same time the non-linear realization of supersymmetry will be manifest. The very fact that it is possible to use non-linear supersymmetry to rewrite the anti-D3-brane action confirms that the anti-brane is breaking supersymmetry spontaneously.
Goldstino and matter component fields
We start by considering the couplings involving scalars and fermions, while we will focus on the gauge vector in section 4.2. In particular, we generate the mass terms for the fermions with a different mechanism with respect to [20] and we show how to also include the anti-D3brane world volume scalars H a in the supergravity action. An alternative way for producing a fermionic mass term is presented in section 4.3.
The first step is to embed the Goldstino λ and the triplet of fermions χ i into, respectively, a chiral multiplet X and a triplet of chiral multiplets Y i satisfying the constraints (3.11). The kinetic terms of the spin-1/2 fields in (2.35) can then be generated from the following Kähler potential, in which the bulk moduli are coupled to world volume fermions [20] 
.
(4.1)
We use from now on f (U A ,Ū A ) = −i Ω ∧Ω to avoid confusion between the holomorphic (3,0)-form and the fermions Ω, Ω i . The couplings of X and Y i to the bulk moduli are fixed as follows. The coupling to τ is determined by requiring modular invariance for the world volume action (see subsection 5.1 below for details). For what concerns the other moduli, the couplings to X are fixed by matching with the scalar potential in (2.35), while those to Y i are fixed by matching with the Kähler covariant kinetic terms of the massive spin-1/2 world volume spinors (cf. subsection 2.3). In particular, the fermions Ω i inside Y i are related to χ i by the field redefinitions
where dots stand for higher order terms. Notice that we are not matching the supergravity expression with the kinetic term of λ in (2.35) since, due to the fact that such a fermion is a Goldstino, its couplings are not physical and they can be set to zero by going to the unitary gauge. For what follows, it is sufficient to keep in mind that, in our supergravity description, the Goldstino resides in the multiplet X, namely P L Ω ∼ P L λ + . . . , where dots stand for higher order terms. We stress that the presence of the Goldstino is an essential feature of the anti-D3-brane and a similar reasoning cannot be repeated in the case of the D3-brane. The superpotential that sources the supersymmetry breaking and gives rise to the anti-D3-brane uplift term is
where M 2 = √ 2. The parameter M is related to the SUSY breaking scale, which is the warped down string scale. By rescaling X we have included the warp factor in the Kähler potential and we have set the anti-D3-brane tension to T D3 = 2π = M 4 π. The very form of the superpotential (4.3) implies that supersymmetry is spontaneously broken by the auxiliary field of X and therefore it is consistent to identify the Goldstino λ with the fermion Ω inside X, at leading order.
The Kähler potential and superpotential presented so far reproduce correctly the kinetic terms for the fermions and the scalar potential in (2.35) . On the other hand, at this stage the fermions are massless in the supergravity theory, since none of the couplings we introduced is producing a mass term for them. In order to give a mass to the fermion triplet, it was proposed in [14, 20] to add a contribution W m = h ij Y i Y j to the superpotential. However, when the axio-dilaton is dynamical and not integrated out, then such a mass term would require h ij ∝Ḡ 3 to be anti-holomorphic in τ , which seems incompatible with supersymmetry. Instead of adding a term to the superpotential, one can therefore follow a different strategy and modify the Kähler potential. The required modification of K given in equation (4.1) and that generates the desired fermionic mass term is
where m ij is given in equation (2.33) above. As we discuss more extensively in section 5.1, this modification of the Kähler potential does not spoil the modular invariance of the supergravity action. In section 4.3 we presented an alternative mechanism, in which the mass to the fermion triplet is given by a superpotential term. However, such a construction requires some technical explanation in order to be presented properly and this is the reason why we postpone it for the time being.
We present now how to introduce the dependence on the world volume scalars H a parameterizing small fluctuations around the position of the anti-D3-brane in the warped throat. The kinetic term of H a arises from the DBI action, which is the same for D3-branes and anti-D3-branes. It is known to be well described by the Kähler potential in (2.7) in the case of fixed complex structure moduli and we have shown that it should be modified as in equation (2.46) when the complex structure and axio-dilaton are dynamical. We can now consider a simple prescription to generalize the supergravity Kähler potential (4.4). We first embed the scalar fields into the constrained multiplets H a introduced in subsection 3.3.2, that contain only a scalar in the lowest component as an independent degree of freedom. Then we let A depend generically on H a and we formally shift the volume modulus as −i(T −T ) → −i(T −T ) + k(H a ,H a )/f (U A ,Ū A ) 1 3 = e 4u to match the results. As a result, we get the following Kähler potential of N = 1 supergravity in four dimensions
(4.5)
As a consequence of this last step, the superpotential W np is also getting a dependence on the scalars H a . However, as we explained previously, the net result of this additional dependence would be to produce corrections which are highly suppressed in the regime we are considering. For all the purposes of the present work, we can therefore neglect the dependence of W np on H a and keep considering (4.3) as the expression for the superpotential.
Having identified the Kähler potential and the superpotential, we can use the rules of N = 1 supergravity to calculate the scalar potential. The result is of the form
where V KKLT contains the contributions from the supergravity bulk fields, while V D3 is the uplift term coming from the anti-D3-brane
which reproduces (2.12), as desired. We recall that to calculate the scalar potential with the constrained multiplets X and Y i , it is sufficient to perform the calculation in the usual manner and then set X = Y i = 0 in the final result.
Gauge vector field and theta term
We focus now on the part of the action containing the world volume gauge vector field. As we mentioned in section 2.1, the kinetic term originating from the DBI action is the same as that of the D3-brane vector, whereas the CS term has the opposite sign due to the difference in the RR charge. As a consequence of this sign flip, it seems that the gauge kinetic function needs to depend on an anti-chiral multiplet,f =f (τ ), and this would be an obstruction in rephrasing the anti-brane vector field into an N = 1 supersymmetric language. However, as we are going to show, the fact that supersymmetry is spontaneously broken and non-linearly realized allows us to also embed correctly the CS term. In this subsection, therefore, we show explicitly how to describe such a CS term with the appropriate sign for the anti-D3-brane case.
As a first step, we embed the world volume vector field into a chiral field strength multiplet P L Λ α and we constrain it as in (3.19) . As explained before, this constraint is removing the gaugino, leaving only the U(1) vector as independent physical degrees of freedom. If we consider then the standard supergravity action for the vector multiplet [59] 
with f (τ ) = −iτ and where the dots stand for fermionic terms, we notice that the term proportional to Im(f ) = −Re(τ ) has the opposite sign compared to (2.35) . We would therefore like to flip this sign by subtracting from the action twice the same contribution. In order to perform this step in a supersymmetric way, we construct a deformation of the action which is similar in spirit to the recently proposed new Fayet-Iliopoulos D-terms in supergravity [21, 24, [74] [75] [76] [77] [78] [79] . In [21] it has been shown how to deform (4.8) and introduce a coupling linear in the auxiliary field D, without spoiling the gauge invariance and without requiring the gauging of the R-symmetry, which is needed for the standard Fayet-Iliopoulos D-term. This new coupling shifts the vacuum expectation value of D and, as a consequence, supersymmetry is spontaneously broken by a D-term. In the same spirit, we would like to introduce a coupling − 1 4 Im(f ) µνρσ F µν F ρσ , together with all the additional interactions required by supersymmetry, in order to flip the sign in the theta term in (4.8) . In the following we directly give the expression of such a deformation, but more details about its derivation and on new D-terms in general are given in appendix B.
Given a constrained field strength multiplet P L Λ α , in order to reproduce the vector multiplet interactions of (2.35), we propose the following supergravity action
where we defined the multiplets and where (Σ)Σ is the (anti-)chiral projector in the superconformal setup. We always assume X to be nilpotent. This action is made up by the standard kinetic coupling for the vector multiplet (4.8) and by a second, novel term, whose origin is presented in appendix B. The property of this coupling which is important for the present discussion is that its component expansion starts precisely with the desired theta term and the dots stand for fermionic terms. After fixing the superconformal symmetry with
, the bosonic sector of (4.9) reduces to the desired result (κ = 1)
where we used f (τ ) = −i τ and we integrated out the auxiliary field D. In particular, the sign of the theta term has been flipped since the contribution coming from the second term in (4.9) is minus twice that arising from the first term. A few comments are in order at this point. We found that (4.9) correctly realizes the bosonic part of the world volume vector action (2.11) . It is worth noting that the second term in (4.9), which is essential in order to realize the correct CS term, can be consistently introduced only if the auxiliary field F of X is non-vanishing. This condition is always satisfied within our setup, since the anti-D3-brane is breaking supersymmetry spontaneously and the fermion in X provides the Goldstino. Notice also that the coupling (4.11) contains terms quadratic (and also of higher order) in the fermions in its component expansion, that might jeopardize the matching of the anti-D3-brane action with our supergravity proposal. However, due to the non-linear realization of supersymmetry, the fermionic terms will be functions of the Goldstino and vanish identically in the unitary gauge. Therefore, even if differences might be present in the fermionic couplings between the anti-D3-brane action and the supergravity one, these differences are not physical and can be removed by an appropriate gauge choice. We stress that this is true as long as the fermion in X is completely aligned with the Goldstino.
By exploiting the properties of the operator Σ and the constraints (3.4) and (3.19) , it is possible to recast the action (4.9) into a more suggestive form. Notice first that
where we used the fact that Σ(AB) = AΣ(B), if A is chiral and B has weights (w, w − 2), as proved in [71] . Then, since P L Λ α is constrained, we have
where from the second to the third line we used that [C] D = 1 2 [Σ(C)] F , another property stated for example in [71] . Using these results, the two terms in (4.9) can be put together and the vector multiplet action acquires the more familiar form This is a chiral multiplet that is anti-holomorphic in τ . It is important to notice thatf D3 contains goldstino interactions, which are implementing the non-linear realization of supersymmetry and which are essential in order to consistently couple the vector multiplet toτ . The lowest component off D3 is given bŷ f D3 =f (τ ) + fermions (4.17) and the fermionic terms vanish identically in the unitary gauge in which the Goldstino is set to zero. Indeed, one can equally think off D3 as a chiral multiplet which satisfies the additional constraint XXf D3 = XXf (τ ). (4.18)
Superpotential mass for the triplet of fermions
In the previous section we have seen how non-linear supersymmetry allows us to consistently couplef (τ ) = iτ to the vector field, using a manifestely supersymmetric language. This strategy is indeed general and can also be employed to describe the mass term of the fermion triplet. We recall in fact that the obstruction in producing such a term from the superpotential was that, in the case of the anti-D3-brane, it depends onτ instead of τ . Inspired by the composite anti-D3-brane gauge kinetic functionf D3 introduced before, we define the chiral multiplet
where m ij is the fermion mass given in (2.33) . The lowest component of this multiplet iŝ
m ij + fermions (4.20) and the fermionic terms vanish in the unitary gauge. Indeed,M ij satisfies the constraint
(4.21)
A mass for the fermions in Y i can then be produced by a superpotential holomorphic inM ij and Y i of the type
We stress that this type of constructions, namelyf D3 andM ij , can be consistently defined only in a setup in which supersymmetry is spontaneously broken and the auxiliary field of X acquires a non-vanishing vacuum expectation value. 12 5 Summary: The supergravity action and its modular invariance
In this section we summarize our results and present some consistency checks on the expected modular properties of the anti-D3-brane action. We have showed that, up to quadratic terms in the fermions, the anti-D3-brane action (2.35) can be described in N = 1 supergravity in four dimensions by
In the language of flat superspace, (4.16) and (4.19) are defined as the chiral superfieldŝ
and one has to require D 2 X = 0.
The anti-D3-brane gauge kinetic function is built out of the goldstino and the axio-dilaton and is defined as the chiral multiplet
withf (τ ) = iτ . We presented two different expressions for the Kähler potential and the superpotential, depending on how the mass term for the fermions in Y i is generated. They lead to the same physical action and are related by field redefinitions involving the Goldstino. One possibility is to generate the mass for the triplet of fermions from the Kähler potential
(5.6)
In this case we then choose the superpotential to be
As an alternative, one can take a Kähler potential of the type
and give a mass to the fermions by the superpotential
whereM
In both cases M 2 = √ 2 and m ij is given in (2.33) . The supergravity multiplets X, Y i , P L Λ α and H a describing the world volume fields are constrained as X 2 = 0, XY i = 0, XP L Λ α = 0, XH a = chiral (5.11) and contain respectively, the Goldstino, the triplet of massive fermions, the U(1) gauge vector and the three complex scalars as independent physical degrees of freedom.
On the modular invariance of the Goldstino and matter sector
As a consistency check for our result, we would like to analyze the behaviour of the action (5.1) under modular transformations. Since the analysis of the X, Y i sector is quite different from that of the field strength multiplet P L Λ α , we start from the former and we discuss the latter separately afterwards. Therefore, neglecting for the moment the couplings involving the vector field, the original anti-D3-brane action (2.35) has to be invariant under SL(2, R) transformations
These imply that the world volume fermions have to transform as
where we defined the phase [20] e −2iδ = cτ + d cτ + d 1 2 .
Since G 3 is transforming under modular transformations, for consistency of the superpotential of the supergravity theory we have to require that the Goldstino multiplet transforms as well, namely
Such a requirement, in turn, implies that XX τ −τ is modular invariant and it fixes therefore the coupling between the axio-dilaton and the nilpotent multiplet X in the Kähler potential according to the following reasoning. For a variation of the superpotential of the type
the Kähler potential is allowed to vary as 17) in order such that, if the supergravity theory is Kähler invariant, then it is also modular invariant. From the form of the Kähler potential (5.3) we can see that all the freedom of K to transform under modular transformations is already exhausted by the first term, namely − log(−i(τ −τ )), and thus all the remaining couplings have to be modular invariant. With a similar argument, we can conclude that δ i
By direct inspection one can finally check that all the remaining couplings in the Kähler potential and in the superpotential have the correct behavior under modular transformations, for both the choices of K and W we presented before.
Self-duality of the vector
As explained in the seminal paper [80] , when a vector field is coupled to the axio-dilaton, the original U(1) duality group is enhanced to SL(2, R). This corresponds precisely to the group of modular transformations we have been discussing so far. With respect to the previous discussion, however, under duality rotations the action of the vector multiplet is not expected to be invariant. Indeed, the authors of [80] calculated the general form of the induced variation. Duality transformation is in fact a symmetry of the equations of motion of the vector field, which is sometimes called self-duality since it exchanges the electric field strength with its magnetic dual and the gauge coupling with its inverse. In the following we check that the vector multiplet part of the anti-D3-brane action enjoys this property, namely that it is on-shell equivalent to an action of the same functional form, in which the vector field is exchanged with its dual and the gauge kinetic function with its inverse:
Since self-duality is an on-shell property, we are allowed to use any form of the action which reduces on-shell to the vector multiplet part of the anti-D3-brane action
In particular, it is convenient to relax the constraint (3.19) on the vector multiplet and impose it by means of a Lagrange multiplier. We consider therefore the actioñ
where P L Λ α is chiral but otherwise unconstrained, P L Φ α is a Lagrange multiplier chiral multiplet implementing the constraint (3.19) and P L Λ D α is the dual of P L Λ α . In particular, the chiral multiplet P L Λ α does not satisfy any Bianchi identity. It is convenient also to express the dual multiplet P L Λ D α as P L Λ D α = Σ(D α U ), (5.22) where D α is an operator, analogous to the superspace derivative [81] , that maps
and U is a vector multiplet with vanishing weights. Notice that, by using the properties of the Σ and D α operators, up to boundary terms we have
(5.24)
As a consistency check, we verify first that by integrating out U we get back the original action (5.20) . The variation of U gives δU : 25) which is the supersymmetric form of the Bianchi identities implying that P L Λ α is the field strength of a vector multiplet V: P L Λ α = Σ(D α V ). Inserting this result in (5.21) , the action reduces therefore correctly to (5.20) . On the other hand, by integrating out the Lagrange multiplier P L Φ α and the unconstrained chiral multiplet P L Λ α we obtain
By multiplying the second equation by X and using the assumption that X is nilpotent, we obtain the additional on-shell information P L Λ D α X = 0, (5.28) which means that the fermion in the dual multiplet P L Λ D α is removed. Inserting (5.27) back into the action (5.21) and using also (5.28) we obtain eventually the on-shell expressioñ
Thus we have shown that the vector multiplet sector of the anti-D3-brane action enjoys self-duality. We notice finally that, due to the nilpotent constraint on X,f D3 satisfies the property
As a consequence, for the particular choice f (τ ) = −iτ , the transformationf D3 → (f D3 ) −1 corresponds to τ → −1/τ . This, together with τ → τ + 1 which is a trivial symmetry of the action, generates the full SL(2, R) group.
Conclusion
In this paper we studied the low energy effective action for the KKLT scenario [1] . In particular, we kept track of all world volume fields on the anti-D3-brane, i.e. the vector field, the scalars as well as the fermions. We showed, following [36] , how the corresponding world volume fields couple to closed string moduli, i.e. the axio-dilaton, the complex structure moduli and the single Kähler modulus. We then rewrote this 4d effective action in a manifest supersymmetric way, making use of constrained multiplets [63] that have played an important role in recent advances in our understanding of supergravity (see for example [66, [82] [83] [84] [85] [86] ). Our manifest supersymmetric 4d N = 1 action shows that the anti-D3-brane in KKLT breaks supersymmetry spontaneously. It also provides a useful reformulation of the anti-D3-brane action that should facilitate future more phenomenological studies of anti-branes in string compactifications. It furthermore goes beyond what was in the literature in an important way. Indeed, initial studies of the uplift term in KKLT in supergravity have focused on the Goldstino that can be packaged into a nilpotent chiral multiplet [7, 8] , but the bosonic world volume fields on the anti-D3-brane have been neglected in this analysis because they can be projected out by placing the anti-D3-brane on top of an O3-plane [9, 10, 87] . This work has cumulated in [20] , where the full action for all world volume fermions, including their couplings to the closed string moduli has been derived.
When adding the bosonic world volume fields, we followed the proposal of [14, 15] of how one can package the bosons into constrained N = 1 multiplets. While this choice might not be unique it allowed us to rewrite the action in a manifest supersymmetric way. One particular challenge one faces is related to the U(1) gauge field on the anti-D3-brane. Recall that the gauge kinetic function f for a D3-brane in the KKLT background is given by the axion dilaton f (τ ) = −i τ = −i(C 0 + ie −φ ). This is and has to be a holomorphic function. However, the anti-D3-brane has the opposite sign in the Wess-Zumino part of its action and therefore the U(1) world volume gauge field naturally couples to iτ = −i(−C 0 + ie −φ ). The latter is anti-holomorphic and such a gauge kinetic function is forbidden by supersymmetry. As explained in section 4, we resolve this puzzle by using a construction inspired by the recently discovered new D-term in supergravity [21] .
While our paper completes the study of a single anti-D3-brane in the KKLT setup, there are a variety of future research directions that should be pursued:
• It should be straightforward to generalize our results to a stack of N D3 anti-D3-branes by simply promoting the world volume fields to fields that transform in the adjoint of SU(N D3 ). This should amount to inserting traces into our formulas and adding commutator terms that appear in general [36] but vanish in the abelian case. Note however, that such a stack of anti-D3-branes in the KKLT background would want to polarize into an NS5-brane [5] . Two recent papers [18, 23] studied the effective NS5brane theory that arises from a stack of anti-D3-branes in the Klebanov-Strassler throat geometry [52] . The authors show that in the metastable minimum supersymmetry is non-linearly realized. This non-linearly realized and spontaneously broken supersymmetry can be linearly realized, if one includes a tower of massive Kaluza-Klein states [23] .
It would be interesting to study the polarization process in more detail and include all world volume fields on the anti-D3-branes.
• Since a reformulation in terms of constrained multiplets is not necessarily unique, one should explore other supersymmetric formulations of the action. For example, in [16, 20] the authors discuss also a constrained vector superfield that contains the Goldstino as only degree of freedom. This vector superfield can replace the nilpotent chiral superfield and generates the KKLT uplift term via a D-term. It is conceivable that for the other constrained multiplets there are also alternative formulations that should be explored.
• Our results should be extendible to the Large Volume Scenario [88, 89] . There the AdS vacuum breaks supersymmetry already before adding the uplifting anti-D3-brane. This means that the Goldstino is always a combination of closed string fermions and the fermions on the anti-D3-brane. Nevertheless, one should be able to describe the anti-D3-brane action in the same way we do here. In particular, the nilpotent chiral superfield is still consisting of only a world volume fermion.
• Recently it was shown that the anti-D3-brane in the KKLT scenario is one particular case of flux compactifications with anti-Dp-branes that can all be described by a 4d effective N = 1 supergravity action that includes a nilpotent chiral multiplet [90] . It would be interesting to work out the proper description of the world volume fields for anti-Dp-branes with p > 3. While this is not easy, one should be able to adapt existing results for the light degrees of freedom on supersymmetric branes (see for example [91] [92] [93] [94] [95] ) since the DBI action for branes and anti-branes is the same.
• It would be very interesting to derive the brane action in a non-trivial background beyond quadratic order in the fermions. In particular, the quartic terms play an important role in the study of the 10d lift of the 4d KKLT solution [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . While technically challenging to obtain, these higher order fermionic terms would have applications well beyond the study of anti-D-branes in flux compactifications.
We hope to study some of these issues in the future.
A Superspace
In this appendix we translate the relevant formulae into the language of superspace, following the conventions of [60] . In this case fermions are described by two-components Weyl spinors. We recall that a four-component spinor can be written in terms of a two-components one as Ω = ψ ψ .
A.1 Constrained superfields
We describe here constrained superfields in flat superspace.
• The nilpotent chiral Goldstino superfield is given by
where G α is the spin-1/2 Goldstino. Upon substituting θ → Θ, this expression is valid also in supergravity.
Upon substituting θ → Θ, this expression is valid also in supergravity.
containing only the complex scalar in the lowest component is subjected to the constraint XDαH = 0, (A.4)
where X 2 = 0 is assumed. Its fermion and its auxiliary field are given by
The generalization to supergravity can be found in [82] .
• Given a real abelian vector superfield V , the field strength chiral superfield is
where
The gaugino Λ α can be removed via the constraint
which leads to
(A.10)
The supergravity expression for the removed gaugino can be found in [82] .
A.2 The anti-D3-brane supergravity Lagrangian
The supergravity Lagrangian for the anti-D3-brane can be expressed in superspace as
where K is the Kähler potential, W the superpotential and W α = − 1 4 (D 2 − 8R)D α V is the field strength superfield. The anti-D3-brane gauge kinetic function iŝ
where f (τ ) = −iτ . The expressions (5.3), (5.7) and (5.8), (5.9) we gave for K and W can be used directly without any modification. When using the second alternative, the superpotential mass for the fermions in Y i is generated by the chiral superfield
where m ij is given in (2.33) . We notice finally that the expressions (A.12) and (A.13) can be written in an alternative form, that could be preferred in some applications. Given a nilpotent Goldstino superfield X, we can defined a superfield [16, 96] 
It is possible to check then that such a superfield satisfies
Γ α is the supercovariant derivative in superspace and the definition of the superfield B αβ can be found in [60] . These are the conditions given in [97] in order for Γ α to describe a Goldstino. Indeed the lowest component Γ α | = γ α , is the (chiral) Volkov-Akulov Goldstino, while all the other fields inside Γ α are removed. With this new ingredient at our disposal, the gauge kinetic function and the superpotential mass can be expressed in a more compact form aŝ
Their lowest component in the unitary gauge γ α = 0 arê
We stress that such a construction is general, namely given an arbitrary superfield Φ, which can also be composite, the chiral superfield
has lowest componentΦ | = Φ + fermions (A. 19) and the fermionic terms vanish in the unitary gauge. It satisfies the constraint
For completeness, we give the components off D3 in global supersymmetry. The chiral superfieldf D3 can be expanded in superspace aŝ
The projection to θ = 0 on the right hand side of the expressions above is understood and X 2 = 0 is always assumed.
B New D-terms in supergravity and the theta term
In this appendix we review some ingredients concerning the construction of the new Fayet-Iliopoulos D-terms in supergravity originally proposed in [21] . This discussion is needed to understand the origin of the coupling (4.9), which we introduced in order to flip the sign of the theta term in the supergravity action. Let us start by considering the chiral field strength multiplet P L Λ α given in (3.16) and with weight 3 2 . In particular, P L Λ α is the gaugino, F ab is the covariant field strength of the U(1) vector and D is the real auxiliary field. It is known that the standard embedding of a Fayet-Iliopoulos term
in supergravity requires the gauging of the U(1) R-symmetry, by means of the vector field. In [21] a new embedding has been proposed that avoids such a restriction and that is of the type
where dots stand for fermionic terms. In this expression, X 0 is the compensator chiral multiplet, D is a real multiplet which has the auxiliary field in the lowest component (see formula (3. 3) of [21] ) and we defined the multiplets
Σ andΣ are the superconformal generalizations of the chiral projectorsD 2 and D 2 of superspace. They act on multiplets with weights (Weyl, chiral) = (w, ±(w − 2)) and produce respectively chiral and anti-chiral multiplets, namely Σ : (w, w − 2) → (w + 1, w + 1),Σ : (w, −w + 2) → (w + 1, −w − 1).
(B.4)
More details about these operators can be found for example in [71] , where they are denoted with T andT . We need also the components of the chiral multiplet
from which one can calculatē
where the dots stand for fermionic terms. We recall that we are following the notation and the conventions of [59] . The important property of the coupling (B.2) is that its pure bosonic sector contains just a term linear in the auxiliary field D, while all the remaining fermionic terms are required by superconformal symmetry. After gauge fixing the superconformal symmetry to Poincaré supergravity, X 0 = κ −1 e and therefore, when this is added to the standard supergravity action (4.8) for the vector multiplet, the auxiliary field D acquires a non-vanishing vacuum expectation value and supersymmetry is spontaneously broken. Setting then the Goldstino to zero by a unitary gauge choice, all the fermionic interactions in (B.7) vanish. Notice that the presence of this coupling spoils the Kähler invariance of the theory, since the Kähler potential is appearing explicitly in the action. The Kähler invariant version of (B.2) has been constructed in [76] and it amounts to replace X 0X 0 → X 0X 0 e − K 3 in order to cancel the undesired dependence on K in Poincaré frame. In what follows we systematically perform this replacement.
The logic behind (B.2) is the following. First, notice that it is constructed out of the two real multiplets
with weights (−2, 0) and (4, 0) respectively, and that the component expansion starts precisely with the lowest component of R 2 . This means that the role of R 1 is to provide higher order fermionic interactions which are needed in order to write down a consistent superconformal embedding of R 2 . The procedure can be easily generalized in order to construct the superconformal completion of any arbitrary real multiplet R 2 with weights (4, 0). A similar logic has been followed in [98] , by using only chiral multiplets. In section 4.2 we are interested in deforming a given supergravity action in a supersymmetric way with a theta term S θ-term = − 1 4 d 4
x Im(f ) µνρσ F µν F ρσ + . . . , (B.9)
where dots are additional couplings which are needed from supersymmetry and which we would like to determine. The standard procedure to find them consists in varying (B.9) and adding the required terms in order to cancel the total variation and obtain a superconformal invariant coupling. This strategy is conceptually simple but tedious and it is not clear at which step it is going to end. However, when supersymmetry is spontaneously broken the problem can be solved at once by considering the multiplet R 1 as defined in (B.8) and multiplying it by R 2 = Im(f ) µνρσ F µν F ρσ , (B.10) which has to be thought of as a real multiplet with weights (4,0). In particular, f (τ ) = −iτ can be understood as the lowest component of a chiral multiplet with vanishing weight. This strategy is formally correct, but there is one additional subtlety one needs to be careful about in our case. In the anti-D3-brane action we are proposing, the auxiliary field of the vector multiplet is not acquiring a vacuum expectation value, since supersymmetry is spontaneously broken by the auxiliary field F of X. As a consequence, we are not allowed to divide by the quantityΣ(ω 2 ), as it vanishes in the vacuum. However, in the case in which the field strength multiplet is constrained as in (3.19) , we can use the following identity proved in [21] ω 2ω2 Σ(ω 2 )Σ(ω 2 ) = X 0X 0 XX Σ(X 0X )Σ(X 0 X) = X 0X 0 e − K 3 XX Σ(X 0 e − K 6X )Σ(X 0 e − K 6 X)
, (B.11) to trade formally ω 2 for the nilpotent X, inside R 1 . In particular, the right hand side is well defined in our setup, since the denominator can never vanish. We are therefore in a position to propose the following superconformal invariant interaction S θ-term = − 1 4
Im(f ) µνρσ F µν F ρσ + . . . ,
(B.12)
which has the desired property of providing a consistent superconformal completion of (B.9), much in the same way as (B.2) is providing it for the Fayet-Iliopoulos term (B.1). We can also express the multiplet µνρσ F µν F ρσ in terms of the more familiar field strength multiplet P L Λ. One can indeed check that X 0X 0 e − K where dots stand for fermionic terms containing at least one gaugino Λ α not acted upon with derivatives. Due to the Grassmann nature of Λ α , these terms vanish if multiplied by XX and we have directly the constraint
where every quantity can be understood as a full supersymmetric multiplet. The proposed coupling (B.12) becomes then S θ-term = − 1 4
XX Σ(X 0 e − K 6X )Σ(X 0 e − K 6 X)
x Im(f ) µνρσ F µν F ρσ + . . . , (B.15) which is the expression appearing in (4.9).
